Abstract: Rockburst disaster is one of the prominent problems faced by deep underground engineering. Microseismic (MS) monitoring techniques can be used to warn of rockburst in tunnels to provide scientific basis for rock burst prevention and control measures. Described in this paper, is an MS monitoring system based on MS source location with hierarchical strategy implemented in the tunnel group of the Jinping II hydropower station in Sichuan Province, China. The spatiotemporal distribution of MS events was analyzed in the construction process and the size effect of rockburst risk discussed by statistical analysis and numerical calculation of rockburst in seven tunnels. The results show that the active period of microseisms and the high-incidence period of rockburst are within 1.5 h after the rock disturbance. The MS events within 1D from the tunnel wall are the most intensive and are mainly concentrated near the heading face, the side wall, and the left spandrel. At the construction site, the accuracy rate of rockburst prediction is 61.8%, of which the accuracy rate of the medium and strong rockburst is 80.3%. Based on field statistics of rockburst, the increase of the tunnel excavation section size can reduce the rockburst strength to a certain extent, which is consistent with the numerical simulation results.
Introduction
The increasing number of long and deeply buried tunnels has brought great challenges to the construction and operation of the project, in which rockburst is a prominent problem [1] [2] [3] [4] . Rockburst is an important geological sign of rock mass with high ground stress [5] . The phenomenon of rockburst is different due to the accumulation level of geostress, the characteristics of the rock and the shape of the underground engineering contour [6] [7] [8] . It is a kind of dynamic instability geological disaster in that the elastic strain energy of the surrounding rock can be released suddenly and produces burst release, exfoliation, ejection, and even throw in the rock mass caused by the brittle failure of the excavation unloading during or after the excavation of the underground engineering in the high stress zone [9, 10] . Studies have shown that rockburst generally occurs in underground engineering with hard brittle rock mass under high geostress conditions, and the occurrence process is short without obvious premonition [11] [12] [13] [14] . Rockburst is becoming an important factor affecting the construction of deeply buried underground engineering. It not only damages engineering equipment, affects the gate-shaped section with an excavation area of 45 m 2 and the emergency stop area is the horseshoe-shaped section with an excavation area of 55 m 2 . The construction of the diversion tunnels combined the drilling and blasting method and the tunneling boring machine (TBM). The bid-section adopted by the drilling and blasting method is a horseshoe-shaped section excavated by the bench method. The diameter of excavation is 13 m, and the excavation area of the upper section is 110 m 2 . A cross-passage was set up every 500 to 600 m in the diversion tunnel. The section is a gate shape, and the excavation area is 60 m 2 by drilling and blasting. In order to solve the safety discharge of gushing water and provide a transportation channel for the diversion tunnels, a drainage tunnel was built between the auxiliary tunnel B and diversion tunnel 4. The drainage tunnel was excavated with full section TBM, the excavation diameter is 7.2 m, and the excavation area is 41 m 2 . The Jinping II hydropower station is located at the eastern foothills of the Qinghai-Tibet Plateau in an area influenced by the collision of the Eurasian plate and the Indian Ocean plate. The rock masses along the diversion tunnels are mainly composed of middle and upper Triassic marble, limestone, crystalline limestone and sandstone, and slate. From east to west, the tunnels pass through various strata including marble of the Yantang (T2y) group, marble of the Baishan group (T2b), upper Triassic (T3) marble, marble of the Zagunao group, lower Triassic (T1) chlorite schist and metamorphic medium to fine sandstone as shown in Figure 1b . The strike of the steep bedding is parallel to the direction of the principal tectonic line. According to tectonic history and orientation, the faults in the project area can be divided into four structural groups in the NNE direction, NNW direction, NE-NEE direction, and NW-NWW direction (all have a steep inclined angle), respectively. The tensile and torsional joints are developed in the NNE direction and in the approximately EW (NWW and NEE) direction. Many approximately north-south trending tight folds and steeply dipping compressional or compressional-shear faults are found in the project region. F4 and F6 faults are Class I structural planes, and the other faults are Class II structural planes [36] . Class I structural planes refer to regional large faults, which control the stability of the crust in the construction area, extend Line of the buried depth of 1500m The Jinping II hydropower station is located at the eastern foothills of the Qinghai-Tibet Plateau in an area influenced by the collision of the Eurasian plate and the Indian Ocean plate. The rock masses along the diversion tunnels are mainly composed of middle and upper Triassic marble, limestone, crystalline limestone and sandstone, and slate. From east to west, the tunnels pass through various strata including marble of the Yantang (T 2y ) group, marble of the Baishan group (T 2b ), upper Triassic (T 3 ) marble, marble of the Zagunao group, lower Triassic (T 1 ) chlorite schist and metamorphic medium to fine sandstone as shown in Figure 1b . The strike of the steep bedding is parallel to the direction of the principal tectonic line. According to tectonic history and orientation, the faults in the project area can be divided into four structural groups in the NNE direction, NNW direction, NE-NEE direction, and NW-NWW direction (all have a steep inclined angle), respectively. The tensile and torsional joints are developed in the NNE direction and in the approximately EW (NWW and NEE) direction. Many approximately north-south trending tight folds and steeply dipping compressional or compressional-shear faults are found in the project region. F 4 and F 6 faults are Class I structural planes, and the other faults are Class II structural planes [36] . Class I structural planes refer to regional large faults, which control the stability of the crust in the construction area, extend for several kilometers or more, and have a fracture zone width of several meters to tens of meters. Class II structural planes refer to the large and medium faults extending from hundreds of meters to thousands of meters while the width is from tens of centimeters to meters. The surrounding rock is dominated by class II and III (hydraulic classification), and class IV and V account for about 23% to 30%, mainly concentrated in the T 1 strata. The tunnels are generally 1500-2000 m below ground surface, with the maximum depth of 2525 m. The maximum in-situ stress in the engineering area is 80 MPa, the uniaxial compressive strength of marble is 60 to 120 MPa, and the strength-stress ratio of the surrounding rock is 0.75 to 1.5, which has strong and extremely strong rockburst conditions. Prediction and prevention of rockburst is the key to ensure construction safety.
MS Monitoring Scheme

Method of MS Source Hierarchical Location
The method of MS source hierarchical location is based on minimizing the residual sum of squares of the calculated and monitored difference of arrival time between two adjacent sensors. Particle swarm optimization (PSO) is applied to identify the location and velocity model of the MS source. Then, the analytic solution of the microseism occurrence time can be obtained by minimizing the residual sum of squares of the calculated and monitored arrival time according to the identified velocity structure and MS source. The problem that the velocity model is inaccurate and the solution is not unique is solved well, and the location accuracy, the convergence speed, and the stability of the algorithm are improved [43] .
(1) Principle of MS source hierarchical location The calculated arrival time of the i th sensor is assumed as [44] :
where t is the seismogenic time (ms), (x i , y i , z i ) are the coordinates of the i th sensor, (x, y, x) are the coordinates of MS source location (m), v is the equivalent velocity of the MS signal propagating in the medium (m/ms). The difference of arrival time between two adjacent sensors i+1 and i can be expressed as [44] :
where:
where t i+1 is the calculated arrival time of the (i+1) th sensor (ms), t i is the calculated arrival time of the i th sensor (ms), L i+1 is the distance from MS source to the (i+1) th sensor (m), L i is the distance from MS source to the i th sensor (m), ∆L i is the distance difference between two adjacent sensors i+1 and i and MS source (m), v is the equivalent velocity of MS signal propagating in the medium (m/ms), (x i+1 , y i+1 , z i+1 ) are the coordinates of the (i+1) th sensor, (x, y, x) are the coordinates of MS source location (m). The adaptive value function for identifying the MS location and the velocity model can be described as [44] :
where ∆W i is the monitored difference of arrival time between the (i+1) th sensor and i th (ms), ∆L i is the distance difference between two adjacent sensors i+1 and i and MS source (m), v is the equivalent velocity of MS signal propagating in the medium (m/ms), when i = n, W i = i 1 -i n , n is the number of sensors. When Q equals or tends to zero, the solutions of v and x, y, z are the best velocity model and the location of the MS source. According to the principle of time difference location, the fitness function for evaluating the seismogenic time t is as follows [45] :
where W i is the monitored arrival time of the i th sensor (ms), t is the seismogenic time (ms), (x i , y i , z i ) are the coordinates of the i th sensor, (x, y, x) are the coordinates of MS source location (m), v is the equivalent velocity of the MS signal propagating in the medium (m/ms). The method of MS source hierarchical location is used to solve the interrelated velocity and the seismogenic time. The v and x, y, z values are solved first with the Equation (5) as the objective function, then v and x, y, z are substituted into Equation (6) to solve t, the expression of t is given by [45] :
where W i is the monitored arrival time of the i th sensor (ms), L i is the distance from the MS source to the i th sensor (m), v is the equivalent velocity of the MS signal propagating in the medium (m/ms), n is the number of sensors.
(2) Particle swarm optimization algorithm The particle swarm optimization (PSO) algorithm is a new computational intelligence method based on group model [46] . The algorithm is derived from the study of bird feeding behavior. By simulating simple social systems, the so-called 'particle swarm' is constructed in multidimensional solution space. Each particle in a particle swarm can modify its forward direction and velocity by tracking the optimal value found by itself and group, so as to achieve a feasible solution for each particle representation problem in the optimal swarm and fly at a certain speed in the search space associated with the fitness value particles related to the objective function. According to the flying experience and the state of the current optimal particle, the velocity is dynamically adjusted, and the search for the optimal solution to the problem is achieved through collaboration and competition among individuals. In the PSO algorithm, assuming that the optimal location searched by the i th particle is 'P ibest ' and the optimal location searched by the entire particle swarm is 'G ibest ' the particle velocity and location can be updated as [47] [48] [49] [50] :
where v i is the velocity of particle (m/ms), x i is the location of particle (m), r 1 and r 2 are uniformly distributed random numbers between 0 and 1, c 1 and c 2 are the learning rates (usually, c 1 = c 2 = 2), w is the inertia weight, t is the number of iterations. The PSO algorithm is used to search for the MS source location in this paper due to its simple operation and easiness of solving the global optimal solution for multi-level nonlinear problems. The solving process of the MS source hierarchical location based on the PSO algorithm is shown in Figure 2 [44] .
Energies 2018, 11, x 6 of 20 positioning accuracy, if so, proceed to step (5), otherwise (if not), to step (4).
Step 4: Update the location and search velocity of particles according to Equation (8) and (9), and then go back to step (3).
Step 5: Obtain the MS occurrence time by calculation of identified MS source coordinates and velocity model with Equation (7).
Step 6: Determine whether the MS signal propagating to the sensor has gone through the large fault or empty area, if so, go back to step (2) Figure 2 . Flowchart of microseismic (MS) source location algorithm with hierarchical strategy based on particle swarm optimization (PSO).
Monitoring System
The MS monitoring system produced by the Canadian ESG (Engineering Solution Group) is employed in this project, which mainly consists of two parts of hardware and software. The system adopts the modular design method and implements the remote acquisition of PC configuration. The hardware part includes: MS sensor, Paladin sensor connection box equipped with power supply and signal waveform trimming function, Paladin (v.2)-24 bit seismic recorder, PMTS-Paladin master time server, fiber optic beam splitter, monitor and so on. The software includes: PAL-Paladin acquisition software, HNAS-Hyperion network acquisition software, Hyperion digital signal processing software and so on. The MS monitoring system for rockbursts for the Jinping II hydropower station is shown in Figure 3 . An optical cable is preferred for data transmission, wireless transmission is used as an alternative, and on-site servers are real-time backup as an emergency to ensure data integrity. MS monitoring can be used for real-time monitoring, and network communication is employed to achieve global sharing. Step 1: The noise reduction and partial wave of the MS signal need to be processed first, the arrival time of the MS signal should be picked up correctly, and the obviously unreasonable MS signal should be removed.
Step 2: Initialize the parameters of PSO algorithm, MS coordinates and velocity model. Step 3: By Equation (5), the adaptive value of particles (MS source coordinates and velocity model) is calculated and is used to determine whether it meets the predetermined flight times and positioning accuracy, if so, proceed to step (5), otherwise (if not), to step (4).
Step 6: Determine whether the MS signal propagating to the sensor has gone through the large fault or empty area, if so, go back to step (2), otherwise (if not), end the MS source location activity due to the correct choice of the MS signal and the accurate location of the MS source.
The MS monitoring system produced by the Canadian ESG (Engineering Solution Group) is employed in this project, which mainly consists of two parts of hardware and software. The system adopts the modular design method and implements the remote acquisition of PC configuration. The Figure 3 . An optical cable is preferred for data transmission, wireless transmission is used as an alternative, and on-site servers are real-time backup as an emergency to ensure data integrity. MS monitoring can be used for real-time monitoring, and network communication is employed to achieve global sharing.
The working procedure of the MS monitoring system is as follows: First, the sensor converts it into a current wave after receiving the MS signal, and transmits the signal to the data conversion equipment through a customized cable between the sensor and the data acquisition equipment. Second, the data conversion equipment converts the current wave into a data signal, and transmits it to the data acquisition equipment through a network wire or optical fiber for acquisition and storage. Then, the MS data signal is processed and analyzed by the data processing software. Finally, according to the distribution of MS events, the risk area of rockburst can be predicted. 
Installation and Arrangement of Sensors
The Installation Requirements of Sensors
The diameter of the borehole is about 40 mm, so that it is easy to install and disassemble the sensor (the diameter of the sensor is 22 mm), and reserve enough space for sensor adjustment. The depth of the borehole is 3 m, so that the sensor can detect the loose disturbance area and receive a more accurate signal, and prevent the effect of water accumulation in the borehole as shown in Figure  4 . The position and depth of borehole should be selected according to the design scheme, and the drilling position of the sensor can be adjusted slightly according to the actual situation in the field. The working procedure of the MS monitoring system is as follows: First, the sensor converts it into a current wave after receiving the MS signal, and transmits the signal to the data conversion equipment through a customized cable between the sensor and the data acquisition equipment. Second, the data conversion equipment converts the current wave into a data signal, and transmits it to the data acquisition equipment through a network wire or optical fiber for acquisition and storage. Then, the MS data signal is processed and analyzed by the data processing software. Finally, according to the distribution of MS events, the risk area of rockburst can be predicted.
Installation and Arrangement of Sensors
The Installation Requirements of Sensors
The diameter of the borehole is about 40 mm, so that it is easy to install and disassemble the sensor (the diameter of the sensor is 22 mm), and reserve enough space for sensor adjustment. The depth of the borehole is 3 m, so that the sensor can detect the loose disturbance area and receive a more accurate signal, and prevent the effect of water accumulation in the borehole as shown in Figure 4 . The position and depth of borehole should be selected according to the design scheme, and the drilling position of the sensor can be adjusted slightly according to the actual situation in the field. The diameter of the borehole is about 40 mm, so that it is easy to install and disassemble the sensor (the diameter of the sensor is 22 mm), and reserve enough space for sensor adjustment. The depth of the borehole is 3 m, so that the sensor can detect the loose disturbance area and receive a more accurate signal, and prevent the effect of water accumulation in the borehole as shown in Figure  4 . The position and depth of borehole should be selected according to the design scheme, and the drilling position of the sensor can be adjusted slightly according to the actual situation in the field. 
The Arrangement of Sensors
The MS monitoring is different from the stress and deformation monitoring due to its high requirement for the arrangement of the sensor. An inappropriate sensor arrangement scheme is not only adverse to obtaining effective MS signals, but also difficult for the accurate location of MS sources and the accurate description of MS information such as energy level and so on, which further affects the stability of the localization algorithm. The MS real-time monitoring during the construction of the deep-buried long tunnel is different from other types of engineering (such as mine stope) because of its own particularity: a long-line project, and monitoring the target (the heading face region) which is constantly moving, while the sensors should be able to move easily and flexibly.
Multiple working face real-time monitoring and multiple sensors working together in Figure 3 can give monitoring better adaptability to cable and equipment damage, to faults and other unfavorable geological conditions, and make the location result more reliable and accurate.
The Connection of the Main Equipment
After the sensor is installed, it is connected with the sensor connection box equipped with power supply and signal waveform modification. The junction box is connected with the seismic recorder, and then connected to the master time server and optical-electrical converter through an optical fiber, and finally connected with the computer monitor and the internet as shown in Figure 5 . 
The Arrangement of Sensors
Multiple working face real-time monitoring and multiple sensors working together in Figure. 3 can give monitoring better adaptability to cable and equipment damage, to faults and other unfavorable geological conditions, and make the location result more reliable and accurate.
The Connection of the Main Equipment
MS Signal Processing
The noise in the tunnel construction process will affect the accuracy of the MS monitoring results, such as blasting, muck hauling, track laying of the tunnel boring machine and other mechanical work, and also cause the occurrence of MS events. The accuracy of MS monitoring will be seriously affected 
The noise in the tunnel construction process will affect the accuracy of the MS monitoring results, such as blasting, muck hauling, track laying of the tunnel boring machine and other mechanical work, and also cause the occurrence of MS events. The accuracy of MS monitoring will be seriously affected if the interference signals caused by these noises cannot be eliminated accurately. Therefore, the accurate recognition of waveform is the key to the identification of rockburst and the monitoring and early warning. Some common waveforms of sound source in the tunnel are listed in Figure 6 .
Energies 2018, 11, x 9 of 21 being near the heading face and the sensor being located behind the heading face, filtering is performed according to the arrival time of the signal and the sensor position. (4) According to the noise database established in the test section, the artificial neural network method is used for filtering.
(5) Finally, the noise is filtered through the oscillographic window of the monitoring system. The comparison of MS events before and after filtering is shown in Figure 7 . The parameters of the MS events can be obtained by analyzing the waveform of the filtered MS events, the spectral spectrum, and the arrival time of the MS signals. MS signals received by monitoring sensors must be processed and noise filtered to obtain MS signals that are useful for rockburst prediction. The main steps of the filtering method are as follows: (1) According to the pre-test results, the filter parameters of the acquisition instrument are set up and the hardware filter is carried out. (2) Synergetic filtering is proceeded by using the response of the sensor to noise signal differential reflection and sensitivity. (3) On account of the main effective signal being near the heading face and the sensor being located behind the heading face, filtering is performed according to the arrival time of the signal and the sensor position. (4) According to the noise database established in the test section, the artificial neural network method is used for filtering. (5) Finally, the noise is filtered through the oscillographic window of the monitoring system. The comparison of MS events before and after filtering is shown in Figure 7 . The parameters of the MS events can be obtained by analyzing the waveform of the filtered MS events, the spectral spectrum, and the arrival time of the MS signals. 
Identification of Rockburst
Time ( 
The MS sensors embedded in different space positions are used to record the arrival time and propagation direction of MS signals generated by the surrounding rock rupture, and the location of each MS source is obtained to predict the state of the surrounding rock by data processing. The location and grade of rockburst can be judged comprehensively according to the number and distribution of MS events, the magnitude of local earthquakes, and the energy of radiation. The probability of rockburst is judged according to the apparent volume and energy index of MS events.
The more and active the MS events, the greater the risk of rockburst. The greater the local magnitude of the MS event, the greater the intensity of rockburst. The larger the sphere of the MS event, the greater the energy release, and the greater the intensity of the rockburst as shown in Figure 8 a. In the early stage of rockburst, the apparent volume of the MS source continues to increase, with a sudden trend increase, and the energy index shows signs of a sudden drop as in Figure 8b . The MS sensors embedded in different space positions are used to record the arrival time and propagation direction of MS signals generated by the surrounding rock rupture, and the location of each MS source is obtained to predict the state of the surrounding rock by data processing. The location and grade of rockburst can be judged comprehensively according to the number and distribution of MS events, the magnitude of local earthquakes, and the energy of radiation. The probability of rockburst is judged according to the apparent volume and energy index of MS events.
The more and active the MS events, the greater the risk of rockburst. The greater the local magnitude of the MS event, the greater the intensity of rockburst. The larger the sphere of the MS event, the greater the energy release, and the greater the intensity of the rockburst as shown in Figure  8 a. In the early stage of rockburst, the apparent volume of the MS source continues to increase, with a sudden trend increase, and the energy index shows signs of a sudden drop as in Figure 8b . 
MS Monitoring Results
Time Distribution Law of MS Events
The distribution of cumulative MS events in 24 hours from 19th June to 21st July is shown in Figure 9 . In the statistical time period, there are two operation cycles per day for tunnel excavation, of which 00:00-01:30 and 12:00-13:30 are respectively the stages of the blasting operation. The data shows that there is a significant difference in the activity rate of MS events caused by the tunnel drilling and blasting method during different operation periods. The MS activity is at a quiet period from 05:00 to 08:00 and 17:00 to 20:00 every day. This is mainly due to the time for muck hauling and the early stages of shotcrete and bolting supports, the surrounding rock is not disturbed by excavation and the surrounding rock is in a quiet period. Because there is a small disturbance to the surrounding rock due to the shotcrete and bolting supports, the surrounding rock stress is adjusted to a small extent, and the subsequent drilling operations further aggravate the disturbance of surrounding rock, so that the MS activity from 08:00-12:00 and 20:00-24:00 has a certain increase. The 
MS Monitoring Results
Time Distribution Law of MS Events
The distribution of cumulative MS events in 24 h from 19th June to 21st July is shown in Figure 9 . In the statistical time period, there are two operation cycles per day for tunnel excavation, of which 00:00-01:30 and 12:00-13:30 are respectively the stages of the blasting operation. The data shows that there is a significant difference in the activity rate of MS events caused by the tunnel drilling and blasting method during different operation periods. The MS activity is at a quiet period from 05:00 to 08:00 and 17:00 to 20:00 every day. This is mainly due to the time for muck hauling and the early stages of shotcrete and bolting supports, the surrounding rock is not disturbed by excavation and the surrounding rock is in a quiet period. Because there is a small disturbance to the surrounding rock due to the shotcrete and bolting supports, the surrounding rock stress is adjusted to a small extent, and the subsequent drilling operations further aggravate the disturbance of surrounding rock, so that the MS activity from 08:00-12:00 and 20:00-24:00 has a certain increase. The maximum number of MS events occur within 1.5 h after the tunnel excavation unloading (00:00 to 02:00 and 12:00 to 14:00) and then decrease rapidly. This indicates that the unbalanced stress caused by excavation unloading in a short time has been adjusted to a great extent, resulting in the most severe activity of the surrounding rock micro-fracture and the most strain energy released by the surrounding rock, which then tends to ease. The drilling and blasting method is an instantaneous unloading, and the strain energy is mainly concentrated over several hours after blasting, especially in the release of 1.5 h. large, and the area with strong rockbursttendency , and measures to reduce excavation length, increase stress release time and reduce stress adjustment rate can reduce the risk of rockburst. 
Spatial Distribution of MS Events
The stress adjustment range of the surrounding rock after the tunnel excavation is closely related to the tunnel diameter. In order to make the findings universal and easy to compare with other projects, the diameter D (12.4 m) is used to represent the distance between the events and the tunnel wall to analyze the distribution of MS events in the radial and axial directions of the tunnel as shown in Figure 10 . The center of the heading face is the origin and the tunnel excavation direction is the positive direction of the coordinates. The events are mostly distributed in the range of 2D from the tunnel wall, especially within 1D from the tunnel wall which are the most intensive. It can be seen that a large number of micro-fractures are generated in the surrounding rock within 1D from the tunnel wall. There is high stress concentration and a large amount of strain energy in this area, which provides the energy source for rockburst. From the distribution around the tunnel wall, the events are mainly concentrated near the heading face, the tunnel side wall, and the left spandrel, while the events produced by the arch bottom are fewer and discrete. This indicates that there is high-stress concentration near the dense area of MS events, which will accumulate a large amount of strain energy and pose a high risk of rockburst, and needs high attention. However, the probability of rockburst is low at the arch bottom due to less micro-fracture and less accumulation of strain energy. There is a clear relationship between the MS activity of the surrounding rock and the operation procedure of the construction, the greater the disturbance of the operation procedure to the surrounding rock, the more active the surrounding rock MS activity after 1.5 h of disturbance. Therefore, in the areas where the MS activity is relatively frequent, the energy release is relatively large, and the area with strong rockbursttendency, and measures to reduce excavation length, increase stress release time and reduce stress adjustment rate can reduce the risk of rockburst.
The stress adjustment range of the surrounding rock after the tunnel excavation is closely related to the tunnel diameter. In order to make the findings universal and easy to compare with other projects, the diameter D (12.4 m) is used to represent the distance between the events and the tunnel wall to analyze the distribution of MS events in the radial and axial directions of the tunnel as shown in Figure 10 . The center of the heading face is the origin and the tunnel excavation direction is the positive direction of the coordinates. The events are mostly distributed in the range of 2D from the tunnel wall, especially within 1D from the tunnel wall which are the most intensive. It can be seen that a large number of micro-fractures are generated in the surrounding rock within 1D from the tunnel wall. There is high stress concentration and a large amount of strain energy in this area, which provides the energy source for rockburst. From the distribution around the tunnel wall, the events are mainly concentrated near the heading face, the tunnel side wall, and the left spandrel, while the events produced by the arch bottom are fewer and discrete. This indicates that there is high-stress concentration near the dense area of MS events, which will accumulate a large amount of strain energy and pose a high risk of rockburst, and needs high attention. However, the probability of rockburst is low at the arch bottom due to less micro-fracture and less accumulation of strain energy. tunnel wall. There is high stress concentration and a large amount of strain energy in this area, which provides the energy source for rockburst. From the distribution around the tunnel wall, the events are mainly concentrated near the heading face, the tunnel side wall, and the left spandrel, while the events produced by the arch bottom are fewer and discrete. This indicates that there is high-stress concentration near the dense area of MS events, which will accumulate a large amount of strain energy and pose a high risk of rockburst, and needs high attention. However, the probability of rockburst is low at the arch bottom due to less micro-fracture and less accumulation of strain energy. According to the field statistics from mileage 9 + 220 to 10 + 775 in diversion tunnel 2, the number of rockbursts above medium strength is 173 as shown in Figure 11 . The maximum rockburst occurs According to the field statistics from mileage 9 + 220 to 10 + 775 in diversion tunnel 2, the number of rockbursts above medium strength is 173 as shown in Figure 11 . The maximum rockburst occurs at the tunnel vault, accounting for 34.68% of the total. Rockburst at the left side wall, the heading face, the right side wall and the left spandrel accounts for 20.23%, 18.5%, 13.29%, and 8.67% respectively. The rockburst at the arch bottom and the right spandrel is the least, only 3.47% and 1.16%. By comparing the distribution characteristics of rockburst and events in the axial and radial direction of the tunnel, it is clear that the rockburst is basically consistent with the distribution area of events, and the events gathering area gives a good indication of the risk of high rockburst. at the tunnel vault, accounting for 34.68% of the total. Rockburst at the left side wall, the heading face, the right side wall and the left spandrel accounts for 20.23%, 18.5%, 13.29%, and 8.67% respectively. The rockburst at the arch bottom and the right spandrel is the least, only 3.47% and 1.16%. By comparing the distribution characteristics of rockburst and events in the axial and radial direction of the tunnel, it is clear that the rockburst is basically consistent with the distribution area of events, and the events gathering area gives a good indication of the risk of high rockburst. 
Analysis of Rockburst Characteristics
Stratum Characteristic
The cumulative length of different rockburst grades in different strata in the diversion tunnels is shown in Table 1 . It can be seen from the table that the cumulative length of rockburst in the diversion tunnels is 3101.1 m, of which slight rockburst (grade I) accounts for 8.04% of the total excavation length, the medium rockburst (grade II) accounts for 1.62%, the strong rockburst (grade III) accounts for 0.21%, and the extremely strong rockburst (grade Ⅳ) accounts for 0.04%. The proportion of rockburst is the highest in T2b Baishan group marble, accounting for 21%, followed by T2y 5 , T2z, T1, T2y 4 , T2y 6, and T3, accounting for 12.90%, 10.58%, 7.52%, 3.68%, 2.02%, and 1.59% respectively. 
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Percentage (%) Accounting for Accounting for 
Analysis of Rockburst Characteristics
Stratum Characteristic
The cumulative length of different rockburst grades in different strata in the diversion tunnels is shown in Table 1 . It can be seen from the table that the cumulative length of rockburst in the diversion tunnels is 3101.1 m, of which slight rockburst (grade I) accounts for 8.04% of the total excavation length, the medium rockburst (grade II) accounts for 1.62%, the strong rockburst (grade III) accounts for 0.21%, and the extremely strong rockburst (grade IV) accounts for 0.04%. The proportion of rockburst is the The position of the diversion tunnels belongs to the steep slope terrain, and the buried depth reaches 500 m quickly since it enters the main hole, so the rockburst often occurs in the construction process. According to the statistical analysis of the construction site, slight rockburst occurs predominantly before mileage 3 + 000, medium rockburst often occurs after mileage 3 + 000, and strong rockburst occasionally occurs after mileage 4 + 500. The main stratum of the diversion tunnels is Triassic marble, followed by sandstone and slate, and hundreds of meters of mudstone. However, there are certain differences in marble properties in different ages, among which the Baishan group marble has better integrity and brittleness characteristics. The tunnel depth in T 2b stratum is more than 1500 m and the groundwater is undeveloped. Moreover, the maximum principal stress, intermediate principal stress, and minimum principal stress increase with buried depth. Therefore, high rock mass strength and in-situ stress provide conditions for the occurrence of rockburst.
Size Effect of Excavation Section
Rockburst in Auxiliary Tunnels
The rockburst in the Jinping auxiliary tunnels is dominated by continuous type, followed by flaky type, and the proportion of sporadic rockburst is small. The typical flaky rockburst in the construction site is shown in Figure 12a . Approximately 10 minutes after blasting on the heading face at mileage 7 + 188, rockburst and collapse on the left side of the auxiliary tunnel A are induced in the 50 m range from mileage 7 + 120 to 7 + 170 due to the blasting vibration, while the estimated volume is 200 to 300 m 3 as shown in Figure 12b . The extremely strong rockburst (grade IV) in the auxiliary tunnel A at mileage 9+503 to 9+523 damaged the support structure and extruded it 4 m towards the tunnel center as shown in Figure 12c . The rockburst is a lumpy and flaky type, and the slumping rock is smoky and hot, lasting for a long time, causing serious damage to the initial support and seriously hindering the construction. strong rockburst occasionally occurs after mileage 4 + 500. The main stratum of the diversion tunnels is Triassic marble, followed by sandstone and slate, and hundreds of meters of mudstone. However, there are certain differences in marble properties in different ages, among which the Baishan group marble has better integrity and brittleness characteristics. The tunnel depth in T2b stratum is more than 1500 m and the groundwater is undeveloped. Moreover, the maximum principal stress, intermediate principal stress, and minimum principal stress increase with buried depth. Therefore, high rock mass strength and in-situ stress provide conditions for the occurrence of rockburst.
Size Effect of Excavation Section
Rockburst in Auxiliary Tunnels
The rockburst in the Jinping auxiliary tunnels is dominated by continuous type, followed by flaky type, and the proportion of sporadic rockburst is small. The typical flaky rockburst in the construction site is shown in Figure 12a . Approximately 10 minutes after blasting on the heading face at mileage 7 + 188, rockburst and collapse on the left side of the auxiliary tunnel A are induced in the 50 m range from mileage 7 + 120 to 7 + 170 due to the blasting vibration, while the estimated volume is 200 to 300 m 3 as shown in Figure 12b . The extremely strong rockburst (grade Ⅳ) in the auxiliary tunnel A at mileage 9+503 to 9+523 damaged the support structure and extruded it 4 m towards the tunnel center as shown in Figure 12c . The rockburst is a lumpy and flaky type, and the slumping rock is smoky and hot, lasting for a long time, causing serious damage to the initial support and seriously hindering the construction. 
Rockburst in the Drainage Tunnel
Eextremely strong rockburst occurred at mileage 9+283 in the drainage tunnel, resulting in the burying of the tunneling boring machine (TBM) as shown in Figure 13a . The main beam of the TBM machine was directly damaged by the extremely strong rockburst, and its 80 mm steel plate was cut off and the tunneling forced to be interrupted as shown in Figure 13b . It is reckoned that the energy released by the rockburst is equivalent to the energy of a 1.5 magnitude earthquake, and it can be seen that the degree of rockburst is intense.
(a) (b) (c) Figure 12 . Rockburst in auxiliary tunnels: (a) Extremely strong rockburst; (b) Induced collapse; (c) Support structure damage.
(a) (b) Figure 13 . Rockburst in drainage tunnel: (a) TBM is buried; (b) 80 mm steel plate is damaged.
Rockburst in the Cross Passage of the Diversion Tunnels
The stress is repeatedly adjusted during the construction process because of the alternately heading forward of diversion tunnel 1 and 2. The extremely strong rockburst occurred at the position of 20 m behind the holing-through of diversion tunnel 1, resulting in a 2 m deep rockburst pit and inducing collapse of about 300 m 3 on the left side of the arch waist and the side wall as shown in Figure 14 . 
Rockburst in the Diversion Tunnels
In the section of high in-situ stress, the rockburst in the diversion tunnels is mainly medium and strong rockburst, but the proportion of rockburst length is much smaller than that in the auxiliary tunnels and the drainage tunnel with smaller excavation size. The sizes of the rockburst pits are no more than 2 m, and there is no occurrence of rockburst on the heading face and no extremely strong rockburst. The medium to strong rockburst of the tunnel spandrel and side wall is shown in Figure  15 . 
In the section of high in-situ stress, the rockburst in the diversion tunnels is mainly medium and strong rockburst, but the proportion of rockburst length is much smaller than that in the auxiliary tunnels and the drainage tunnel with smaller excavation size. The sizes of the rockburst pits are no more than 2 m, and there is no occurrence of rockburst on the heading face and no extremely strong rockburst. The medium to strong rockburst of the tunnel spandrel and side wall is shown in Figure 15 .
The typical rockburst statistics of five tunnels in the range of the extremely high in-situ stress at mileage 7 + 000 to 10 + 000 are shown in Figure 16 . The number of rockbursts in the Jinping auxiliary tunnel A is 75, the auxiliary tunnel is 80, the diversion tunnel 1 is 67, the diversion tunnel 2 is 77, and the drainage tunnel is 77. The proportion of rockburst length in the Jinping auxiliary tunnel A, auxiliary tunnel B, diversion tunnel 1, diversion tunnel 2, and drainage tunnel is 28.6%, 26.1%, 11.6%, Energies 2018, 11, 3257 15 of 21 6 .7%, and 23.3% respectively. It can be seen that the proportion of rockburst length in the Jinping auxiliary tunnels and drainage tunnel is close, which is higher than the diversion tunnels. 
In the section of high in-situ stress, the rockburst in the diversion tunnels is mainly medium and strong rockburst, but the proportion of rockburst length is much smaller than that in the auxiliary tunnels and the drainage tunnel with smaller excavation size. The sizes of the rockburst pits are no more than 2 m, and there is no occurrence of rockburst on the heading face and no extremely strong rockburst. The medium to strong rockburst of the tunnel spandrel and side wall is shown in Figure  15 .
(a) (b) Figure 15 . Rockburst in the drainage tunnel.
The typical rockburst statistics of five tunnels in the range of the extremely high in-situ stress at mileage 7 + 000 to 10 + 000 are shown in Figure 16 . The number of rockbursts in the Jinping auxiliary tunnel A is 75, the auxiliary tunnel is 80, the diversion tunnel 1 is 67, the diversion tunnel 2 is 77, and the drainage tunnel is 77. The proportion of rockburst length in the Jinping auxiliary tunnel A, auxiliary tunnel B, diversion tunnel 1, diversion tunnel 2, and drainage tunnel is 28.6%, 26.1%, 11.6%, 6.7%, and 23.3% respectively. It can be seen that the proportion of rockburst length in the Jinping auxiliary tunnels and drainage tunnel is close, which is higher than the diversion tunnels. Extremely strong rockburst occurred in the Jinping auxiliary tunnels, the drainage tunnel, and the cross passage of diversion tunnels, resulting in serious damage. The diversion tunnels with larger section are mainly slight rockburst and medium strength rockburst. This is consistent with the numerical simulation results, that is, the increase of the tunnel excavation section size can reduce the rockburst strength to a certain extent.
The subsequent construction of the Jinping auxiliary tunnel A occurred with strong rockburst near the position of the medium rockburst in auxiliary tunnel B. The subsequent construction of the cross passage occurred with extremely strong rockburst indicating that the lagging tunnels face more complex stress conditions and larger rockburst risk.
Numerical Simulation
Model Description
The theory of rockburst proneness proposed by A. Q. Kidybinski a Poland scholar is the most popular method [51] . In this method, a rock uniaxial strength test is used to load the specimen to 70%-80% of its peak strength, and then unload the specimen to obtain the stress-strain curve. The rockburst proneness index Wet can be calculated by Equation (10):
Where φsp is the 70%-80% peak strength of rock specimen (MPa), φst is the dissipative plastic deformation energy (J). When Wet ＜2.0, no rockburst; when Wet = 2.0-2.5, slight rockburst; when Wet = 3.5-5.0, medium rockburst; when Wet ＞5.0, strong rockburst.
According to the test data of five sets of rock specimens in Jinping Auxiliary tunnel [52] , the calculation results of rockburst proneness index Wet is shown in Table 2 . It indicates there is medium rockburst proneness in the Jinping Auxiliary tunnel. There is little difference in surrounding rock and in-situ stress of the Jinping auxiliary tunnels, diversion tunnels, and cross-passages, which means that the conditions of rockburst are basically the same. However, this method cannot reflect the size Extremely strong rockburst occurred in the Jinping auxiliary tunnels, the drainage tunnel, and the cross passage of diversion tunnels, resulting in serious damage. The diversion tunnels with larger section are mainly slight rockburst and medium strength rockburst. This is consistent with the numerical simulation results, that is, the increase of the tunnel excavation section size can reduce the rockburst strength to a certain extent.
Numerical Simulation
Model Description
The theory of rockburst proneness proposed by A. Q. Kidybinski a Poland scholar is the most popular method [51] . In this method, a rock uniaxial strength test is used to load the specimen to 70%-80% of its peak strength, and then unload the specimen to obtain the stress-strain curve. The rockburst proneness index W et can be calculated by Equation (10):
where ϕ sp is the 70%-80% peak strength of rock specimen (MPa), ϕ st is the dissipative plastic deformation energy (J According to the test data of five sets of rock specimens in Jinping Auxiliary tunnel [52] , the calculation results of rockburst proneness index W et is shown in Table 2 . It indicates there is medium rockburst proneness in the Jinping Auxiliary tunnel. There is little difference in surrounding rock and in-situ stress of the Jinping auxiliary tunnels, diversion tunnels, and cross-passages, which means that the conditions of rockburst are basically the same. However, this method cannot reflect the size effect of the excavation section on the rockburst risk. The finite difference software FLAC 3D is used to analyze the relationship between the rockburst and the tunnel section size under the same conditions of surrounding rock and in-situ stress. Considering the influence of the boundary effect, the three-dimensional size of the numerical model is set in the horizontal direction x = −70 to 70 m, the vertical direction z = -60 to 60 m, and the longitudinal direction from y = -40 to 40 m. The initial in-situ stress is applied according to the buried depth and the fixed displacement method is used to simulate. The normal displacement constraints are applied to the six sides of the model as shown in Figure 17 . Eight-node hexahedral elements are used to simulate the surrounding rock and its mechanical parameters are determined according to the field geological survey data and the strength test of the surrounding rock as shown in Table 3 . Each excavation length is 1 m, assuming that the excavation and support are completed instantaneously, and that it has nothing to do with the time. The failure of the support is not considered in the calculation process. The finite difference software FLAC 3D is used to analyze the relationship between the rockburst and the tunnel section size under the same conditions of surrounding rock and in-situ stress. Considering the influence of the boundary effect, the three-dimensional size of the numerical model is set in the horizontal direction x = −70 to 70 m, the vertical direction z = -60 to 60 m, and the longitudinal direction from y = -40 to 40 m. The initial in-situ stress is applied according to the buried depth and the fixed displacement method is used to simulate. The normal displacement constraints are applied to the six sides of the model as shown in Figure 17 . Eight-node hexahedral elements are used to simulate the surrounding rock and its mechanical parameters are determined according to the field geological survey data and the strength test of the surrounding rock as shown in Table 3 . Each excavation length is 1 m, assuming that the excavation and support are completed instantaneously, and that it has nothing to do with the time. The failure of the support is not considered in the calculation process. 
Poisson ratio μ
Internal friction angle φ (°)
Elasticity modulus E (GPa) 2700 0.2 45 7.5 35
Simulation Results and Discussion
The variation of the circumferential stress and radial stress during excavation in the three locations of the tunnel, hance, spandrel, and vault is shown in Figure 18 . It can be seen that the radial stress of each monitoring point after excavation decreases rapidly, and the value is basically within 10 MPa. However, the circumferential stress is quite different, and the value in tunnel hance and 
The variation of the circumferential stress and radial stress during excavation in the three locations of the tunnel, hance, spandrel, and vault is shown in Figure 18 . It can be seen that the radial stress of each monitoring point after excavation decreases rapidly, and the value is basically within 10 MPa. However, the circumferential stress is quite different, and the value in tunnel hance and spandrel increases significantly after excavation, while the vault position changes little. The growth rate of the circumferential stress at the tunnel hance of the diversion tunnel is much higher than that of the spandrel and vault, especially in the range of 10 m from the excavation face. It indicates that the rockburst is more likely at this location, which is confirmed by the rockburst record on the site. The variation of circumferential stress in the spandrel of the cross-passage is the largest, followed by the hance, and the vault is the smallest. It is shown that the possibility of rockburst occurring in the spandrel is greater under the same stress condition as the diversion tunnel. The circumferential stress in the spandrel and vault of the auxiliary tunnel is larger, and the maximum stress value is 80 MPa. Rockburst is more likely to occur in the vault and spandrel positions, as evidenced by the rockburst statistics at the Jinping auxiliary tunnels. 
Conclusions
Rockburst problems induced by high in-situ stresses are prominent during the construction of underground engineering. Early warning of rockburst is of great significance and remains as a worldwide challenge in geotechnical engineering. Based on the MS monitoring system in the tunnel group of the Jinping II hydropower station of China, this paper analyzed the spatiotemporal distribution of MS events in the process of construction, and discussed in detail the size effect of 
Rockburst problems induced by high in-situ stresses are prominent during the construction of underground engineering. Early warning of rockburst is of great significance and remains as a worldwide challenge in geotechnical engineering. Based on the MS monitoring system in the tunnel group of the Jinping II hydropower station of China, this paper analyzed the spatiotemporal distribution of MS events in the process of construction, and discussed in detail the size effect of rockburst risk by statistical analysis and numerical simulation. The following conclusions are drawn:
The MS monitoring results show that the spatiotemporal distribution characteristics of MS events have good correlation and consistency with the distribution law of rockburst. The active period of microseisms and the high-incidence period of rockburst are within 1.5 h after the disturbance of the surrounding rock. The greater the disturbance of the operation procedure to the surrounding rock, the more active the surrounding rock MS activity. The MS events within 1 D from the tunnel wall are the most intensive, the events and rockburst are mainly concentrated near the heading face, the tunnel side wall, and the left spandrel, while the events produced by the arch bottom are less and discrete.
The sudden decline of the energy index and the sudden rise of the apparent volume are the significant characteristics of the rockburst. The phenomenon that MS events are gradually concentrated in a certain area and increasing large-magnitude and high-energy events indicate a precursor of high rockburst risk.
The results based on 278 different grades of rockburst prediction in 168 sections of the diversion tunnels and the drainage tunnel show that the accuracy rate of rockburst prediction is 61.8%, of which the accuracy rate of the medium and strong rockburst is 80.3%. Although the time of rockburst cannot be predicted accurately, it can still give early warning of the location of the rockburst in advance.
The rockburst statistics show that the rockburst frequency and intensity are relatively high when the in-situ stress is large. No matter what are the proportions of the rockburst length or the strong to extremely strong rockburst ratio, the auxiliary tunnels and the drainage tunnel are all higher than the diversion tunnel. The statistical data of rockburst is consistent with the numerical simulation results in that the increase of the tunnel excavation section size can reduce the rockburst strength to a certain extent.
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